Conventional major histocompatibility complex (MHC) class I genes encode molecules that present intracellular peptide antigens to T cells. They are ubiquitously expressed and regulated by interferon y. Two highly divergent human MHC class I genes, MICA and MICB, are regulated by promoter heat shock elements similar to those ofHSP70 genes. MICA encodes a cell surface glycoprotein, which is not associated with f82-microglobulin, is conformationally stable independent of conventional class I peptide ligands, and almost exclusively expressed in gastrointestinal epithelium. Thus, this MHC class I molecule may function as an indicator of cell stress and may be recognized by a subset of gut mucosal T cells in an unusual interaction. tant cell lines, as well as in immunohistology stainings. The results show that MICA is a.highly glycosylated membraneanchored cell surface protein that is not associated with ,32m
dependent of conventional class I peptide ligands, and almost exclusively expressed in gastrointestinal epithelium. Thus, this MHC class I molecule may function as an indicator of cell stress and may be recognized by a subset of gut mucosal T cells in an unusual interaction. tant cell lines, as well as in immunohistology stainings. The results show that MICA is a.highly glycosylated membraneanchored cell surface protein that is not associated with ,32m
and is conformationally stable in the absence of conventional MHC class I peptide ligands. In accord with previous concepts, the almost exclusive expression of MICA in gastrointestinal epithelium combined with the intriguing transcriptional regulation of the MICA gene by a promoter heat shock element implies that this MHC class I molecule may function as a ligand for a subset of T cells in the intestinal intraepithelial lymphocyte compartment. This putative interaction is probably unrelated to conventional MHC class I antigen presentation and may serve a specialized T-cell immune surveillance function.
Major histocompatibility complex (MHC) class I molecules are ubiquitously expressed heterodimers of a class I heavy chain and 132-microglobulin (f32m), which display peptides derived from proteins degraded in the cytosol on the cell surface and thus facilitate the recognition of intracellular antigens by circulating cytotoxic CD8+ T cells with ac3 T-cell receptors (1, 2) . Class I related molecules have variously altered functions, including the presentation of lipid and lipoglycan compounds to CD4-8-T cells by human CDlb encoded outside the MHC (3, 4) . Moreover, so-called nonclassical MHC class I molecules in the mouse selectively present bacterial peptides (5, 6) , are recognized by T cells with y6 T-cell receptors in the absence of detectable bound peptides (7) (8) (9) (10) , or are mainly expressed in intestinal epithelium where they may interact with a subset of the resident T cells (11, 12) . Although the precise functions of some of these molecules remain to be defined, they are conceptually appreciated as potential components of a firstline immune defense (13, 14) . However, functionally corresponding genes and molecules have not been found in other mammals and humans. Conversely, two highly divergent human MHC class I genes closely linked to HLA-B, MICA, and MICB are conserved in most if not all mammals but seem to be missing in the mouse (15, 16) . These genes are transcribed in epithelial cell lines but not in B cells, T cells, and monocytes and are not induced by interferon y. Their translation products share an exceptionally low average of 27% identical amino acids in the extracellular ala2a3 domains with human and mouse MHC class I sequences, include multiple sites for potential N-linked glycosylation, and lack all of the residues implicated in the binding of CD8 (15, 16) .
The unusual characteristics of the MICA and MICB genes and the evidence for diverse functions of class I related molecules in antigen presentation and T-cell recognition led us to investigate the expression, subunit composition, and tissue distribution of MICA. This report describes the generation of specific monoclonal antibodies (mAbs) and their use in immunochemical experiments with normal and transfected mu-
MATERIALS AND METHODS
DNA Clones and Constructs, Cell Lines, and Transfections.
The cDNA hybrid constructs were made in consecutive steps using the primer overlap-extension technique and PCR (17) , with MICA and Kb and Db cDNA templates (18) . Error-free cDNA hybrids were identified by sequencing, subcloned into RSV.Sneo, and stably transfected into ClR cells (19) by electroporation as described (20) . Using the same procedure and conditions, lymphoblastoid cell line mutants Daudi (21) and 5.2.4 (22) were transfected with MICA cDNA in RSV.5neo and stable transfectants selected with G418 (GIBCO; 0.5 and 0.1 mg/ml, respectively). Mouse LTK fibroblasts were transfected with cosmid M32A (23) using lipofectin (BRL) and selected with G418 (1 mg/ml). In all transfection experiments, stable positive isolates were identified by indirect immunofluorescence stainings with specific mAbs purified from ascites or from hybridoma supernatants and flow cytometry using a FACScan (Becton Dickinson) and, when necessary, cloned by limiting dilution. MICA-Db and -Kb hybrid molecules on ClR transfectant cells were detected with mAbs 28-14-8 (anti-Db a3) and Y3 (anti-Kb ala2), respectively (24, 25) . The HT29 colon carcinoma and U373 astrocytoma cell lines were from the American Type Culture Collection. Cell lines were grown in RPMI medium supplemented with 10% fetal calf serum, 10 mM Hepes, 2 mM glutamine, and antibiotics.
Proc. Natl. Acad. Sci. USA 93 (1996) inactivated serum replacement (Sigma) and Hybridoma Enhancing Supplement (Sigma) in 96-well plates under hypoxanthine aminopterin thymidine selection on irradiated MRC-5 feeder cells (27) . Supernatants were differentially screened for specific reactivity with ClR-MICA cells versus untransfected ClR cells by indirect immunofluorescence and flow cytometry and hybridomas from positive wells were subcloned twice. The isolated mAbs 56, 83, and 2C10 are of the IgG2a, IgGl, and IgG3 isotypes, respectively.
Labeling, Immunoprecipitation, and Detection of MICA. For surface labeling, washed cells in phosphate-buffered saline (PBS) were biotinylated with Sulfo-NHS-LC-biotin (Pierce) (100 jig/ml) for 30 min at 4°C and reactions quenched by addition of 25 mM lysine. Cells (1-3 x 107) were lysed in 1 ml lysis buffer (1% Triton X-100/50 mM Tris-OH, pH 7.4/150 mM NaCl/5 mM EDTA/5 mM iodoacetamide/protease inhibitors). Protein in cleared supematants was quantitated with a MicroBCA kit (Pierce) and lysates were precleared using Ultralink-Protein A/G beads (Pierce). MICA was precipitated with purified mAb 56 and protein A/G beads and immunocomplexes washed. Aliquots were treated with Nglycanase (PNGase F, New England Biolabs) as recommended by the manufacturer. Dissociated and dithiothreitol-reduced immunocomplexes were separated by SDS/PAGE and electroblotted onto nitrocellulose using a Trans-Blot Semi-Dry Transfer Cell (Bio-Rad). After overnight incubation of membranes in PBS containing 10% nonfat dry milk, 0.05% Tween 20, and 0.02% sodium azide, they were repeatedly washed in TST (0.15 M NaCl/10 mM Tris-OH, pH 7.4/0.3% Tween 20) and reacted with avidin-horseradish peroxidase (Vector Laboratories) in TST (2.5 ,ug/ml) for 1 hr at 4°C. Membranes washed with TST were treated with enhanced chemiluminescent reagent (Amersham) and exposed to x-ray film. For pulse-labeling and chase, 5 x 106 cells per time point were labeled with 0.5 mCi (1 Ci = 37 GBq) [35S]methionine for 5 min as described (20) . For pulse-chase, cells were spun through PBS with 10 mM methionine and resuspended in growth media for the indicated time periods. Cells were lysed and MICA protein was precipitated using mAb 2C10 as described above. Isolated and denatured MICA was treated with endoglycosidase H (Endo H, New England Biolabs), as recommended by the manufacturer and analyzed by SDS/PAGE. Fixed gels were treated with Amplify (Amersham) and dried for autoradiography.
Tissues and Immunohistology. Tissue samples from autopsies, biopsies, or surgical specimens were embedded in TissueTec II OCT compound (Baxter Scientific Products, McGaw Park, IL) and frozen in liquid N2 precooled methylbutane. Cryostat (4-,um sections mounted on poly L-lysine-coated slides) were airdried, fixed in cold acetone, and overlaid with purified primary mAb appropriately diluted in staining buffer (PBS with 2% goat and 2% human serum/0.1% Tween 20). After overnight incubation at 4°C, slides were washed and overlaid with fluorescein-conjugated goat F(ab')2 anti-mouse IgG (Tago) diluted 1:150 in staining buffer. Coverslipped sections were examined by confocal fluorescence microscopy. In the double stainings shown in Fig. 4 B and C, nuclei were visualized with propidium iodide. In Fig. 4F , the epithelial desmosomal cadherin desmoglein-I was detected with biotinylated mAb DG3.10 (28) (Progen, Heidelberg) and Texas Red-conjugated streptavidin as the second layer. Autopsy tissue specimens included brain, heart, lung, thyroid, liver, kidney, skin, adrenal gland, placenta, tonsil, and spleen and were obtained from Swedish Hospital (Seattle). Gastric and small and large intestinal biopsy specimen were kindly provided by D. Levine (University of Washington Medical Center, Seattle). Thymus specimens from corrective infant cardiac surgery were kindly provided by D. Hall and F. Lupinetti (Children's Hospital, Seattle). For antibody staining and flow cytometry analysis, thymocyte suspensions were prepared by passing minced tissue through wire mesh. Peripheral blood mononuclear cells from randomly selected donors were isolated by density gradient centrifugation through FicollHypaque (Pharmacia). The use of the human tissues from these sources in this research was conducted under human subject protocols approved by the institutional review board at the Fred Hutchinson Cancer Research Center.
Promoter Mapping and Sequencing, RNA Blot Hybridization, and Heat Shock Induction. MICA and MICB exon 1 and promoter sequences were mapped to 5.9-kb XhoI/KpnI and 0.6-kb BamHI/BglII fragments of the cosmids M32A and R5A, respectively, by blot hybridization with a [32P]dCTP-labeled exon 1-derived oligonucleotide (15) . Sequences were obtained by dideoxynucleotide chain termination from the doublestranded templates using the exon 1 oligonucleotide and upstream primers, [35 ] (29) . The HLA-B-specific probe was the 885-bpXbaI fragment from the genomic clone B7-14 (30) . The human HSP70 probe was a 2.3-kb BamHI/HindIII genomic DNA fragment (31) . For heat shock treatment, HeLa cells grown in Petri dishes were floated on a 420 water bath for various periods of time.
RESULTS AND DISCUSSION
The substantial divergence of the MICA amino acid sequence translated from cloned genomic and corresponding cDNA from all class I sequences indicated that none of the available anti-class I antibody reagents could be expected to recognize this putative gene product (15) . We initially chose an indirect approach to monitor expression of MICA, by transfecting ClR cells with hybrid cDNA constructs in which all domain sequences of MICA were variously substituted with corresponding mouse H2-Kb or -Db sequences encoding epitopes recognized by defined mAbs (Fig. 1A) . Indirect immunofluorescence stainings with the mAbs Y3 (anti-Kb ala2) (24) or 28-14-8 (anti-Db a3) (25) and flow cytometry revealed that all of the epitope-tagged hybrid molecules were present at substantial levels on the surfaces of the stably transfected cells (Fig. 1B) . This indicated that the MICA cDNA encoded a class I-like membrane-anchored cell surface protein, thereby providing the rationale for the further investigation of the expression of MICA. To obtain reagents suitable for diverse experimental applications, we generated specific mAbs after immunizing mice with ClR cells transfected with the MICA cDNA and differentially screening hybridoma supernatants by indirect immunofluorescence and flow cytometry. The isolated mAbs 56, 83, and 2C10 bound to ClR-MICA transfectant cells but not to untransfected ClR cells and were not cross-reactive with putative MICB on multiple independent C1R-MICB cDNA transfectants ( Fig. 2,4 (Fig. 2B, lanes 2 and 3) (15) . It showed the same electrophoretic mobility as glycosylated A IA eF HLA-C isolated with mAb W6/32 from ClR-MICA (HLA-A-, -B-) cell lysate (Fig. 2B, lane 4) (19, 32) . Without N-glycanase digestion, we detected a broad band in the 65-75 kDa molecular mass range (Fig. 2B, lane 1) . Thus, bona fide MICA molecules were expressed on the surfaces of C1R-MICA cells and were highly glycosylated, consistent with the eight potential N-glycosylation acceptor sites in the ala2a3 domain sequences of MICA (15) . This distinguished MICA from all conventional and nonclassical MHC class I molecules, which have a single glycosylation site at position 86 in the al domain that is not conserved in MICA (1, 15) . Similar results were obtained using mAbs 83 and 2C10, of which the former reacted less efficiently in these experiments, and with mouse LTK cells transfected with a cosmid encoding the MICA gene ( Fig. 2 A and B, lanes 8-10) .
The subunit composition and transport of MICA molecules was investigated using ClR-MICA cells and mutant lymphoblastoid cell line Daudi (132m-) and 5.2.4 (TAP-) cells transfected with the MICA cDNA (21, 22) . Immunoprecipitation with the anti-human ,f2m mAb BBM1 coprecipitated HLA-C but not MICA from lysates of surface-labeled C1R-MICA cells (Fig. 2B, lanes 6 and 7) (Fig. 3 A and B) . amounts of MICA mRNA in all of the cell lines tested (15) . This discrepancy may suggest that the post-translational processing and transport of MICA molecules was dependent on factors that were limited or missing in these cell lines and that were different from those required for the normal processing of conventional class I molecules (35) . The tissue distribution of MICA was examined by immunofluorescence microscopy of mAb 83 and fluorescein isothiocyanate-goat F(ab')2 antimouse IgG-stained cryosections. Most of the tissues were negative for binding of mAb 83. These included brain, heart, lung, thyroid, liver, kidney, skin, adrenal gland, placenta, tonsil, and spleen. Strongly positive staining was seen in gastric and in small and large intestinal mucosa biopsies from several individuals and was confined to surface and glandular epithelial cells (Fig. 4A-C) . In intestinal epithelium, fluorescent cells lined the villi but were not apparent in the undifferentiated crypts (Fig. 4B) . Notably, the observed staining was often discontinuous, with variably sized interspersed areas of nonfluorescent epithelium, which occasionally included single fluorescent cells (Fig. 4D) . IgG1-matched isotype controls and stainings of dog intestinal mucosa sections gave negative results. In specimens of infant thymus, mAb 83 stained a population of stellate cells in the subcapsular cortex, which were epithelial cells because they were positive for the desmoglein-I epithelial cell marker (Fig. 4 E and F) (28) .
The remarkably restricted and varied expression of MICA in intestinal epithelium suggested an unusual transcriptional regulation of the MICA gene. 5 '-end-flanking region sequences of MICA and MICB upstream of their translation initiation codons were derived from mapped cosmid fragments. Both sequences were unrelated to the transcriptional control regions of conventional class I genes. Surprisingly, they contained heat shock elements defined in HSP70 genes and shared further nucleotide sequence homologies with the human HSP70 promoter (Fig. SA) (37) . Notably, MICA and MICB are closely linked to HSP70 genes in the MHC (38, 39) . Exposure of HeLa cells to heat shock resulted in moderate and substantial increases of the steady-state levels of MICA and MICB mRNA, respectively, with induction kinetics that were similar to data obtained in parallel for HSP70 mRNA (Fig. 5 B and C) . Because these results were obtained with rapidly proliferating tissue culture cells in which MICA but not MICB is constitutively transcribed at a significant rate (15) , they may quantitatively underestimate the induction of MICA mRNA in quiescent gastrointestinal epithelial cells in which the MICA gene appeared not to be constitutively expressed (Fig. 4D) . This deregulated transcription of the MICA gene in epithelial cell lines with resultant intermediate or high surface expression of MICA and the only moderate mRNA induction may at least partially explain why our repeated attempts with various cell lines to detect increased surface levels of MICA after heat shock treatment were unsuccessful. This demonstration will require a suitable experimental system but should be readily achievable for MICB once specific mAbs become available. Nevertheless, because heat shock is one condition that triggers the general cell stress response, our results argue that MICA and more obviously MICB are cell stress response genes (40, 41) .
In summary, these results demonstrate the surface expression of a previously unrecognized human MHC class I molecule with unusual structural and biological characteristics. The expression of MICA without associated 232m, independent of TAP, and almost exclusively in gastrointestinal epithelium is unique among all class I-like molecules although partial similarities exist among the mouse nonclassical MHC class I TiOb, T22b, and TL molecules and human CDlb and CDld (8) (9) (10) (42) (43) (44) (28) . that these are recognized by a subset of T cells in gastrointestinal epithelium in an interaction that is probably independent of conventional MHC class I antigen processing. This is supported by the expression of MICA in thymic cortical epithelial cells, suggesting a possible role of MICA in T-cell selection, and by the existence of a minimum of 16 allelic variants with clustered amino acid substitutions in the ala2a3 domains of MICA (15, 52) . Because the expression of MICA and putative MICB is to some degree coupled to cell stress, these molecules could be recognized alone or possibly complexed with ligands derived from heat shock proteins. In human intestinal epithelium, the oligoclonal expansion of T cells with yS (V81) or aB T-cell receptors are unexplained phenomena (47) (48) (49) (50) . However, stimulation of these T cells by A HSP70 GGAGGCGAAACCC CTGGAATATTCCCG A CTGGCA -300 MICA --TCT-C-GC--A ---T---T-T T--AA--G -154 MICB --III-1I-G--G --A----I---I-I I-TGIA-I -160 CONS autologous antigens that may be stress induced has been postulated (48, 50, 51 
